The application of silicon-on-insulator (SOI) substrates to high-power integrated circuits is hampered by self-heating effects due to the poor thermal conductivity of the buried SiO 2 layer. We propose to replace the buried SiO 2 layer in SOI with a plasma synthesized AlN thin film to mitigate the self-heating penalty. The AlN films synthesized on silicon by metal plasma immersion ion implantation and deposition exhibit outstanding surface topography and excellent insulating characteristics. Using a modified direct bonding process in conjunction with hydrogen-induced layer transfer, a silicon-on-AlN structure has been successfully fabricated. Cross-sectional high-resolution transmission electron microscopy, x-ray photoelectron spectroscopy, and spreading resistance profiling results reveal a uniform buried AlN layer beneath a single crystal Si overlayer. The interfaces between the top Si layer, buried AlN layer, and Si substrate are smooth and sharp. Moreover, the use of relatively thick buried AlN layer bodes well for SOI wafers in high voltage and high power applications.
I. INTRODUCTION
In many device applications, silicon-on-insulator (SOI) materials offer several advantages compared to bulk silicon. SOI technology simplifies device processing due to easier device insulation. It also gives reduced parasitic capacitance thereby resulting in increased speed and lower power consumption. 1 A conventional SOI substrate has a buried silicon dioxide ͑SiO 2 ͒ layer to achieve the desired electrical isolation. However, this buried dielectric layer is also a barrier to heat flow from the devices fabricated in the silicon layers because the thermal conductivity of SiO 2 is approximately 100 times less than that of Si. 2 Hence, the temperature in the channel of the metal-oxide-semiconductor (MOS) device inevitably increases during operation. As a result, the self-heating effect becomes an inherent issue for metal-oxide-silicon field effect transistors built in SOI. Channel temperature rises to more than 100°C have been reported in devices of typical very large scale integrated dimensions under normal operating conditions. 3 In the past decade, several attempts have been made to reduce the selfheating effects in SOI devices, and possible remedies include reduction of the buried oxide thickness, quasi-SOI technology 4 and so on, but these solutions introduce corresponding disadvantages. 5, 6 An alternative idea is to replace the buried SiO 2 by another insulator that has higher thermal conductivity. Recently, the ion-cut process has become one of the major SOI fabrication techniques. 7 This process furthermore opens the window for the synthesis of many other exciting materials such as silicon-on-glass, 8 germanium, silicon carbide, diamond thin films, 9 and even three-dimensional devices. 10 The ion-cut technique has been reported in details elsewhere. 7, 11 Using this process, another insulator with higher thermal conductivity can substitute for the buried SiO 2 . Two interesting candidates for such buried oxide layer are diamond and aluminum nitride (AlN). Diamond is an extremely good thermal conductor and several studies have been made on how to use diamond films in SOI. 12, 13 However, their poor mechanical properties, high film stress, and rough surfaces complicate direct bonding to silicon wafers without elaborate polishing procedures. 12 Another candidate is AlN with a thermal conductivity about 100 times higher than that of SiO 2 (136 W / m K vs 1.4 W / m K) and roughly equal to that of silicon itself ͑145 W / m K͒. In addition, AlN has excellent thermal stability, high electrical resistance and a coefficient of thermal expansion close to that of silicon. Bengtsson et al.
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14 However, in their research, a difficult and expensive backside etching process was used to thin one of the silicon wafers after bonding. We have studied the silicon-on-AlN (SOAN) structure in our previous work, 15 but the experimental reproducibility is quite poor and the area of the transferred silicon is relatively small. We believe this is because the quality of the AlN film is not good enough to bond well and the traditional ion-cut process we used is not suitable for Si/ AlN direct bonding.
In this work, we prepared AlN thin films on Si by metal plasma immersion ion implantation and deposition (Me-PIII&D) utilizing a hybrid gas-metal cathode arc gun. The chemical composition and surface morphology of the films were investigated. The wafers with the AlN films were subsequently bonded to hydrogen-implanted donor wafers at room temperature using the ion-cut process to produce the SOAN structure. The samples were characterized using chemical and electrical techniques confirming success of the fabrication.
II. EXPERIMENT

A. AlN film synthesis
The experiments were conducted using the PIII&D equipment at the City University of Hong Kong. 16, 17 The details of this PIII&D system have been reported before. 18, 19 100 mm Si (100) ͑10-20 ⍀ cm͒ wafers cleaned by the Radio Corporation of America (RCA) processes were used as the substrates. Prior to deposition, the main vacuum chamber was evacuated to below 10 −5 Torr. The metal plasma was produced by means of cathodic arc discharge initiated by a high voltage trigger electrode. High purity sintered Al (99.99%) was vaporized and almost fully ionized due to the high temperature in the cathodic arc. At the same time, the metal arc plasma efficiently ionized the high purity nitrogen (99.999%) bled from the backside of the gun to produce nitrogen ions in the drifting plasma. The Al + , N 2 + /N + as well as other atomic and molecular ions with single and multiple charge states diffused through the magnetic filter with a kinetic energy of approximately 25-50 eV per charge state and subsequently impinged into the substrate with the added sample bias to form the AlN films. In our experiments, the discharge current of the metal cathodic arc gun was 100 A, the magnetic field strength in the duct was 100 G, and the bias voltage at the duct was 20 V. The cathodic arc gun was operated in a pulsed mode with duration of 300 s and repetition frequency of 60 Hz. The negative direct current bias voltage applied to the substrate was −0.8 kV and the nitrogen flow rate was 40 sccm. These experimental conditions were selected based on many trial experiments in order to produce the smoothest surface while maintaining high electrical resistivity, as well as high N to Al ratio. 20 To evaluate the quality, structure, and composition of the AlN thin films, they were characterized using x-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), and atomic force microscopy (AFM).
B. SOAN formation
To fabricate the SOAN structure, the AlN-coated acceptor wafer was bonded to a Si donor wafer that had been implanted with 6 ϫ 10 16 cm −2 hydrogen at 150 kV. However, according to our previous work 15 and many trial experiments, the bonding tendency between AlN and Si is very weak. Even though the bonding is potentially successful, Si transfer can only be accomplished in patches. Hence, in this work, several measures were taken to increase the transferred area compared to the previous work.
(1) A very thin (about 1 nm) Si 3 N 4 film was pregrown on the AlN-coated wafer using the plasma enhanced chemical vapor deposition (CVD) technique. The purpose of this layer is to change the bonding interface from AlN / Si to Si 3 N 4 /Si to achieve successful wafer bonding because the bonding tendency between Si 3 N 4 and Si is much stronger than that between AlN and Si.
(2) Both the acceptor and donor wafers were first cleaned in the organic solvent MS2001 at 70°C for 5 min, and then in H 2 SO 4 :H 2 O 2 (10:1) solvent at 120°C for 10 min.
(3) Afterwards, the surfaces were activated in a 400 W oxygen plasma (oxygen pressure of 1.3 Torr) at 100°C for 1 min.
(4) After activation, a modified RCA-1 solution ͑NH 4 OH:H 2 O 2 :H 2 O=1:6:30͒ was used to achieve the hydrophilic wafers. They were dipped in this solution at 70-75°C for 60 s.
(5) Two wafers were bonded using a Karl Suss SB6 VAC wafer bonder at room temperature. During bonding, a small pressure was initially applied to the center and then 1 atmospheric pressure was added onto the entire wafer for 1 min.
(6) After bonding, the pair was heated to 120°C for 2 h in air, and the temperature was raised to 300°C for another 10 h to improve the bonding strength. Subsequently, the bonded wafer was furnace annealed at 450°C for 10-15 min under nitrogen ambient to complete the transfer of a thin silicon layer onto the AlN-coated silicon wafer. Finally, high temperature annealing was performed in nitrogen ambient at 1100°C for 1 h to achieve stable SOAN structure and repair implantation defects in the top Si. To evaluate the microstructure and bonding interface of the resulting SOAN structure, high-resolution transmission electron microscopy (HRTEM), XPS, and spreading resistance probe (SRP) were used.
III. RESULTS AND DISCUSSION
A. Characterization of AlN films
The samples were analyzed by XPS to determine the elemental composition as well as the chemical states of the constituents. The analyses were performed on a PHI 5802 x-ray photoelectron spectrometer with a monochromatic Al K␣ source. Figure 1(a) shows the Al 2p core-level photoelec-tron spectrum fitted using two components based on a Gaussian curve-fitting program. The low binding energy peak ͑73.8 eV͒ arises from Al atoms bonded to N atoms as shown in previous studies. 21, 22 The higher binding energy peak ͑75.1 eV͒ is related to Al atoms bonded to O atoms. No Al-Al bonds that would appear at 72.9 eV can be found. The N 1s photoelectron spectrum is displayed in Fig. 1(b) . Similarly, two components have been resolved. The N 1s peak observed at 396.5 eV corresponds to the binding energy of N 1s in N-Al, and the other peak at 398.3 eV is N 1s indicating N-N. 23 All in all, the XPS results confirm the successful synthesis of AlN but with a small amount of Al 2 O 3 in the films. Oxygen contamination is unavoidable in the preparation of AlN film due to the extremely high reactivity of Al with oxygen. Oxygen may originate from adsorbed gas molecules on the substrate and the inner wall of the vacuum chamber, impurities (O 2 and H 2 O) in nitrogen, as well as the residual vacuum. However, the small O component in AlN layer is beneficial to the dielectric property. With regard to the Si 3 N 4 and SiO x N y buried layers in SOI application, it is known that polycrystallization occurs in buried Si 3 N 4 layer during annealing leading to a leaky dielectric. 24 In contrast,
the SiO x N y buried layer does not crystallize even after high temperature annealing. 25 Hence, the O component in the AlN layer will inhibit the crystallization during the postannealing, and this has been confirmed by our XRD analysis (not shown here).
FTIR is employed to investigate the characteristic vibrational frequencies of the bonded atoms and lattice vibrations in ionic crystals. The spectra were recorded in the transmission mode on a Perkin Elmer 1600 series FTIR spectrometer. Figure 2 displays the infrared transmission spectrum of the AlN film deposited by Me-PIII&D under optimal conditions. The transmission efficiency at near infrared is more than 95% and quite high. A strong and very sharp transmission peak at 668 cm −1 related to Al-N bond with a full width at half maximum of about 2.6 cm −1 can be observed. It should be noted that the width of the Al-N peak is much narrower than that of the film deposited by other methods at higher temperature, for example, reactive magnetron sputtering 26 and pulsed laser deposition. 27 The narrower peak indicates that the internal stress in the present films is lower and more uniform, and the adhesion strength of the film is quite good. 28 The films deposited using the hybrid source are thus more superior in terms of insulating, thermal, and interfacial properties.
The objective of our work is to fabricate SOAN structures using the ion-cutting approach. However, it must be emphasized that in this process, whether or not bonding is successful is mostly determined by the low surface roughness of the AlN film. Therefore, AFM was performed to examine the surface topography of our AlN film, and the threedimensional 5 m ϫ 5 m AFM image is depicted in Fig. 3 . It can be observed that the surface of the AlN film is smooth and uniform with a surface roughness root-mean-square (rms) value of 0.364 nm that is good enough for direct bonding obviating the needs for complicated lapping and polishing procedures. It should also be emphasized that the excellent surface topography is a direct result of our Me-PIII&D process. The optimal ion energy creates good film adhesion as well as excellent surface flatness, both of which are not easily accomplished using conventional low-energy CVD deposition techniques. Figure 4 shows a bonded pair of wafers in infrared transmission. As can be seen, the entire area was bonded with the exception of a few voids. These were probably caused by residual particles trapped at the bonded interface. After splitting, a nearly entire Si thin layer was transferred onto the AlN-coated Si acceptor wafer. This result is dramatically better than that in our previous study and we believe it is due to the modified direct bonding process.
B. Characterization of SOAN structure
In order to examine the quality of the bonding interface of the SOAN structure, TEM was employed. Figure 5 (a) depicts the micrograph of the bonded structure showing direct evidence of the formation of the SOAN structure. The selectedarea electron diffraction (SAD) patterns confirm the excellent single crystal quality of the top Si layer and amorphous structure of the buried AlN layer. The thicknesses of top Si layer and buried AlN layer are about 1200 and 220 nm, respectively. The damaged surface region can be easily etched away and the top silicon layer can be further reduced to the desirable thickness by dry etching. The thickness of the buried AlN layer is much thicker than the result of our previous work 15 and so this SOAN substrate is suitable for fabrication of high voltage and high power devices. film have been sputtered during O 2 plasma activation. Besides, it is noticed that the interface between the buried AlN and Si substrate indicated in Fig. 5(c) is as smooth as that between the top Si and buried AlN.
The XPS depth profiles of Al, N, O, and Si in the SOAN structure are depicted in Fig. 6 . It is clear that the thicknesses of top Si and buried AlN layer are about 1230 and 230 nm, respectively, which is in agreement with our TEM results. The composition with depth of the buried layer is nearly uniform and the amount of O is observed to be below 15%, which will prohibit polycrystallization of this insulating layer during postannealing as mentioned earlier.
SRP was employed to study the electrical property of the SOAN structure and the depth profile is shown in Fig. 7 . Three layers of the SOI structures, including the top silicon layer, buried AlN layer, and Si substrate can be distinguished clearly with very steep interfaces. The very steep slope from the top silicon to buried AlN at the depth of 1240 nm in the spreading resistance profile implies the sharp interface between them. The value of spreading resistance shows that the top silicon has uniform electrical properties and the buried AlN layer has an excellent insulating performance. The thicknesses of the top silicon and buried AlN are again in agreement with the XPS depth profile results.
IV. CONCLUSION
The feasibility of fabricating SOAN structures using direct wafer bonding and H-induced layer transfer has been successfully demonstrated. The AlN films synthesized by our Me-PIII&D process exhibit outstanding surface topography and maintain amorphous structure up to an annealing temperature of 1100°C. This bodes well for postannealing in complementary MOS processing. HRTEM, XPS, and SRP were employed to thoroughly characterize the formed SOAN structure, and the results, such as thickness measurement by varied techniques, agreed very well. Compared to our previous study, the modified direct bonding process dramatically increases the Si transfer area. Moreover, the thicker buried AlN layer renders the SOI wafers suitable for high voltage and high power applications without the self-heating penalty.
